In mice from 6 strains bred for different patterns of mystacial vibrissae, we studied the consequences of the presence of supernumerary whiskers for the sensory innervation of the vibrissal follicles and their cortical representation in the barrel field. The parameters were number of axons innervating individual vibrissal follicles, tangential area of individual barrels, and thickness of the layers in the barrel cortex. These parameters are highly constant for animals within a strain but may differ greatly between strains. For all strains, the innervation of a follicle depends on its position on the whiskerpad, the highest innervation density being at the posterolateral corner. This matches the wave of development that travels over this part of the face during embryogenesis. Although large differences exist between strains in the number of axons innervating the whiskerpad, the relative number of axons innervating the "standard" follicles of 1 row is remarkably constant. The thickness of the barrel cortex increases from posteromedial to anterolateral for all strains. This increase is due to variations in thickness of the cortical output layers (II and III, V and VI).
In mice from 6 strains bred for different patterns of mystacial vibrissae, we studied the consequences of the presence of supernumerary whiskers for the sensory innervation of the vibrissal follicles and their cortical representation in the barrel field. The parameters were number of axons innervating individual vibrissal follicles, tangential area of individual barrels, and thickness of the layers in the barrel cortex. These parameters are highly constant for animals within a strain but may differ greatly between strains. For all strains, the innervation of a follicle depends on its position on the whiskerpad, the highest innervation density being at the posterolateral corner. This matches the wave of development that travels over this part of the face during embryogenesis. Although large differences exist between strains in the number of axons innervating the whiskerpad, the relative number of axons innervating the "standard" follicles of 1 row is remarkably constant. The thickness of the barrel cortex increases from posteromedial to anterolateral for all strains. This increase is due to variations in thickness of the cortical output layers (II and III, V and VI) .
For individual barrel-follicle pairs, we calculated the ratio between cortical barrel area and axon number. The major findings were that (1) supernumerary follicles are innervated and, given a threshold number of axons, represented by barrels; (2) barrel area per peripheral axon differs between follicles within a row and is highest for the supernumerary elements; and (3) for each strain there is a direct, linear correlation between axon number and barrel size, which differs significantly among certain, but not all, strains. The data allowed us tentatively to define some of the factors that play a role in the formation of brain maps and pointed to the existence of major genetic differences between mouse strains with respect to these factors.
Since 1977 we have selectively bred a number of mouse strains that differ in number and pattern of mystacial vibrissae, starting with a selection made from a large population of albino mice from an outbred ICR stock . Thirteen bilaterally symmetric patterns were obtained, and the "improvement" of the strains in question has been the subject of recent reports Van der Loos et al., 1986) . We proved that the patterns, both standard and "enriched," are genetically determined.
Six strains from that group have been selected for the present analysis. One strain shows the standard pattern, the common denominator for all 6 strains. The 5 other strains each manifested supernumerary whiskers (SWs) and corresponding supernumerary barrels (SBs)-a different set for each strain. For the supernumerary elements (SEs), a deoxyglucose study see Melzer et al., 1985 , for the procedure) showed that the SEs are parts of functionally operative chains. We deal with mice that are normal in all respects except for the presence of SEs. The ensemble of barrels forms the barrel field (T. A. Woolsey and Van der Loos, 1970) ; the part that forms the representation of the large mystacial vibrissae has been called the "posteromedial barrel subfield" but is here referred to simply as the barrel field.
Enriched peripheries have been shown to lead to domains in the CNS that are larger and/or contain more neurons for a variety of animals: frogs with supernumerary limbs (Hamburger, 1939 ) and eyes (Constantine-Paton and Law, 1978) , chick embryos with supernumerary legs (Hollyday and Hamburger, 1976) , Drosophilue with supernumerary bristles (Ghysen, 1980) , and mice with implanted supernumerary whiskerpads . However, in these experimentally enriched conditions, measuring and counting of constituent parts have never been done on the individual elements of a topologically organized array, perhaps because of the less "punctiform" arrangement, in most of these animals, of the 2 ends of the pathway involved.
In a previous study on the mouse somatosensory system , we introduced the ratio "cortical area per peripheral axon" in order to quantify the relationship between follicular innervation and barrel-field area. This ratio does not imply that we assume a particular peripheral sensory nerve fiber signals to 1 column of cortical tissue exclusively in a given area. That study demonstrated that this ratio in normal animals differed from that in animals whose barrel fields had been altered by (1) lesioning the whiskerpads of neonates or (2) genetically creating SWs. Here, we use the same concept but now compare, within each strain, the area of individual barrels with the innervation of the corresponding follicles. Not only are there significant differences among the strains, but within a strain the SEs appear to follow different rules in the establishment of that ratio than do the elements of the standard set.
In the first study of somatosensory maps, C. N. Woolsey et al. (1942) described the principle of cortical magnification, which was later demonstrated for the visual (Daniel and Whitteridge, 1961) and auditory (Suga and Jen, 1976; Suga et al., 1975) systems. In a study (Lee and Woolsey, 1975) on the mouse, the number of axons innervating each of the 6 tallest follicles of the C row was compared with the number of neurons in the corresponding barrels, and a linear relationship was found between the 2 sets of values. The authors proposed that a similar rela- tionship exists between innervation of a follicle and area of a barrel.
Our primary question was, How do the sensory periphery and the CNS cope with the presence of SEs? In an "enriched" animal, are the total number of axons and the total cortical space allotted to infraorbital nerve and barrel field the same as in mice with only the standard set of follicles at their disposal, or does the Gasserian ganglion send more fibers to the muzzle, so as not to shortchange the standard follicles? And, with regard to the cortex, is the same total area parceled more finely when more barrels are present, or do SBs lead to a larger barrel field? Several of our findings have previously been reported in abstracts Van der Loos, 1983, 1984a, b) .
Materials and Methods
The mice analyzed in this study were from 6 strains, all bred for bilaterally symmetric patterns of mystacial vibrissae. They originated from an outbred stock (ICR, Van der Loos et al., 1984) and were subsequently selectively inbred for a period of time before they were defined and named as strains Van der Loos et al., 1986) . These strains were then separated and continued, as much as possible, by brother-sister mating. Therefore, generation numbers used in Table 1 , which contains a summary of the animals used, do not reflect the actual number of generations of inbreeding, except for strain NOR, which was defined as such from the very beginning; for the other strains, 6-10 generations would have to be added in order to give the actual number of generations of inbreeding.
The patterns of mystacial vibrissae for the 6 strains are illustrated in Figure 1 ; the strains-are as follows:
NOR. bred for the absence of suvemumerarv whiskers (SWs). These mice possess the so-called "standard set" of whisker follicles, distributed over the whiskerpad in 5 horizontal rows of follicles (A, B, C, D, and E, A being dorsalmost) and in 1 vertical row of 4 follicles (01, p, y, and 6) that straddle the most caudal follicles of the 5 horizontal rows.
A/A, bred for the bilateral presence of an SW at the rostra1 end of the A row, called A5.
H/H, bred for the bilateral presence of A5 and B5, the latter being the fifth element of the B row.
MAP, bred for a maximal number of SWs in the strip of skin just medial to the A row, called the A' whisker. In most cases, A5 is present as well, B5 less frequently.
MCP, bred for maximal numbers of SWs (C') in the strip of skin between the B and C rows. Most MCP mice possess A5 and B5 whiskers as well as SWs among the straddlers.
MIM, bred for maximal numbers of SWs, irrespective of site; in mice of this strain, A5, B5, and A's and C's are the most frequently occurring SWs; more recent generations, however, have SWs between the A and B rows (called B' whiskers), as well as among the straddlers. Among the animals studied, there was only 1 that had a B' whisker.
The A', B', and C' whiskers are numbered according to their relative position with respect to the follicles ofthe A, B, and C rows, respectively. The corresponding barrels in the barrel field, situated in topologically equivalent sites, are named in a similar fashion.
Histological procedures
In a routine that held for all the mice born into our colony, newborns were checked for the presence of SWs at PO (the first day of postnatal life). For details concerning animal maintenance, see . Animals selected for analysis were separated from the colony. At 60 d of age, they were anesthetized with pentobarbital (i.p.), weighed, and transcardially perfused with 10% neutralized formalin in 0.9% NaCl. After perfusion, the whiskerpads were removed and the skull was opened. Whiskerpads and heads were kept in the same solution overnight. The brain was removed from the skull. Whiskerpads and brains were postfixed for at least 1 week. Whiskerpads were immersed in 20% sucrose and cut in a cryostat tangentially to the skin surface at 15 pm; alternate sections were stained for myelin, using a modification of Lillie's method (M. C. Cruz, E. Welker, B. Ghavami, and H. Van der Loos, unpublished observations) or according to a reduced-silver method (Cruz et al., 1984) . Brains were dehydrated, bisected in the midsagittal plane in a 95% ethanol solution, and embedded in celloidin. The blocks were oriented so they could be cut at 40 pm tangentially to the pia above the barrel field (Rice and Anders, 1977; T. A. Woolsey and Van der Loos, 1970) . The sections were stained with methylene blue. Hemispheres used for cortical thickness measurements were processed in an identical fashion, except that they were cut coronally, perpendicular to a plane arrived at by tilting by IO"-rostra1 end up-a "horizontal" plane defined by 2 notches on the dorsal aspect of the cerebral cortex (one between it and the olfactory bulb, the other between it and the superior colliculus). All brains were cut serially, and all sections through the pertinent part of the parietal cortex were processed.
Analysis: axon counts and area measurements
In sections stained for myelin, axons were counted in the nerves innervating individual vibrissal follicles, using a compound microscope fitted with a 100x oil-immersion objective and a drawing tube. For each strain, the mean number of nerve fibers was calculated for each follicle. The very small number of myelinated fibers entering the follicles via the conus nerves (And&, 1966; Vincent, 19 13) was not taken into account. The areas of individual barrels were measured from camera lucida reconstructions of the barrel field (made with a 10 x objective) using a graphics tablet and a minicomputer. A barrel field could be drawn from 2-6 serial sections. By drawing a line through the center of the septa, septal domains were allocated to the barrels bordering them, so that the sum of the areas of the individual barrels equaled the total area of the barrel field. This routine was also followed in those cases where septa were unusually wide-for example, at sites corresponding with SWs that were not represented by barrels. For each strain, the mean area of each barrel was calculated.
Counts and measurements included the parts of the whiskerpad and barrel field that we defined as the standard set. This contained elements Al-4, Bl-4, C1-6, Dl-7, and El-8 (Fig. 1, NOR) . Moreover, the analysis included SEs: A5, B5, and the A's, B's, and C's (Fig. 1) . The straddling elements, including the SWs, were not taken into account because of the frequent difficulty in defining the caudal contour of their barrels. For each whiskerpad analyzed, the corresponding barrel field was measured. of barrels is given for the first and last elements of rows that form the standard set; variously hatched barrels correspond to supernumerary whiskers, which are named according to the conventions introduced in the text. The straddling elements (a, p, y, and 6) are displayed, although they did not enter the present analysis (but see Fig. 12 ). E3ar for whiskerpads (in NOR), 2 mm; bar for barrel fields (in NOR), 500 am. Vol. 6, No. 11, Nov. 1986 Figure 2. Explanation of analysis of cortical thickness made for mice from all 6 strains. a, Four coronal sections (1-4) through the right hemisphere are displayed. In each section, measurements were performed at 2 sites: through the most medial barrel (M) and through the fourth one from medial (L). Photomicrograph is from a Nissl-stained section of 1 of the hemispheres analyzed, drawings of the other sections are displayed at the same magnification, indicated by bar (1 mm). Arrow shows the sequence of sections in a caudal-to-rostra1 (C-R) direction. b, Photomicrograph of a detail of barrel cortex shown in section 1 in a, taken at higher magnification and oriented in a similar way. Radial line crosses the whole cortex (thickness, 620 Mm); lines perpendicular to it indicate borders between layers I and II, III and IV, and IV and V. c, Barrel-field drawing indicates approximately where measurements were taken (asterisks). Lines represent the sections shown in a. In compass, R is rostra1 and L is lateral. Bar, 500 pm.
Analysis: cortical thickness measurements
Cortical thickness measurements were made at sites in the cortex, as follows ( Fig. 2 ): Coronal sections were scanned from caudal to rostral, and the first section clearly showing 5 adjacent barrels was taken for analysis. A drawing of the cortex on 1 side was made by camera lucida, using a 4 x objective. Two points of measurement were chosen: through the hollow ofthe most medially situated barrel and through that of the fourth barrel, movina laterally (or of the fifth in the case of MCP and M/M animals). Thic-hess measurements were made with a 10 x objective, superimposing a ruler, via the drawing tube, on the microscopic image of the cortex. These measurements were repeated in each second consecutive rostra1 section.
Electron-microscopic procedures and analysis For the electron-microscopic study of follicular nerves, 60-d-old mice were anesthetized with pentobarbital (i.p.) and perfused with a mixture of paraformaldehyde (1.5%) and glutaraldehyde (1.5%) in 0.1 M phosphate buffer. The heads were kept-overnight in the same fixative at 4"C, and individual follicles. toaether with the distal Darts of the follicular nerves, were then carefully dissected out, dehydrated and block-stained with uranylacetate, and embedded in ERL-4206 (Spurr, 1969) . Semithin and thin sections were cut from the nerve -10 Mm from the site where it was divided. Thin sections were stained with lead citrate and examined in a Philips 301 EM. For each nerve, 1 section was selected, and a montage, consisting of about 60 electron micrographs at 14,000 x , was made with the aid of a stage-position detection device (C. E. Leuenberger, H. Van der Loos, D. Anders, and N. Kijnig, unpublished observations) that allowed easy picture taking at preset intervals and facilitated the return to selected spots in the section. The resolution of the montage was adequate for counting the number of myelinated fibers. Structures that clearly were, or were suspected to be, unmyelinated fibers were photographed at higher magnification. The unmyelinated axons were counted in these detail micrographs. Table 2 lists the 3 strains from which 2 nerves to the C2 follicle were analyzed and the strain from which 3 nerves innervating C' follicles were analyzed.
In presenting all the results obtained with both the light and the electron microscope, we have made no distinction between the left and right sides or between sexes, as it was demonstrated that there was no correlation between these factors and our data.
Results

Axon counts
In Figure 3 , data are presented for each strain, as means and SDS of the numbers of myelinated axons per follicular nerve. For each strain, the mean of all these means is displayed as a Table 1 for number of whiskerpads analyzed for each strain. Vol. 6, No. 11, Nov. 1986 vertical dashed line. Interestingly, these values are about 100, except for A/A and H/H, where they are about 120. The data for SWs indicate that their follicles are innervated by a smallerthan-average number of nerve fibers. Note that in all strains, and for all rows of follicles, the nerves innervating the caudal follicles contain more axons than those innervating the rostra1 ones, which gives the bar graphs of Figure 3 a "pipe organ" pattern. SWs are no exception, either at the rostra1 end of a "standard" row or when forming a row of their own.
Barrel areas
All data on the cortex derive from Nissl material, and no corrections are entered for the -30% shrinkage (Rice and Van der Loos, 1977 ) that accompanies embedding in celloidin. Another (minor) correction was not made: The cortex containing the barrel assembly is slightly domed in the caudorostral direction and even more so in the mediolateral direction. Two to 6 tangential sections (usually 3) yielded a complete barrel field, ready for planimetry (drawing the lateral outline of A' barrels created the only occasional difficulties). For each strain, the means of the areas ofthe individual barrels and their SDS are presented in Figure 4 . For the NOR, A/A, and H/H strains, the mean of the means (vertical lines) lies around 3.5 x 100 pm*, while for the other strains these values are considerably lower. The caudal barrels are larger tangentially than the rostra1 ones. In general-taking into account their positions along the caudorostral axis-the SBs are smaller than the barrels of standard sets. As a group, the A' barrels are the smallest.
Ratios
The area of each barrel was divided by the number of axons innervating the corresponding follicle. From the resulting ratios, means were calculated for each follicle-whisker pair and are shown in Figure 5 ; vertical lines represent the mean of the mean ratios for each strain. In general, the pipe organ pattern for each row of standard elements is reversed relative to the distribution of nerve fiber numbers or barrel sizes: The most rostra1 folliclebarrel pairs have a higher ratio than the more caudal pairs. This pattern is less obvious for the rows adjacent to rows of SEs and for those with an SE at their rostra1 end. The variations are due to differences in both barrel size and axon number.
Global counts, measurements, and ratios
For each strain, the mean total values for number of axons and size of the barrel field were calculated; the results appear in Figure 6 , a and b. Data pertaining to the SEs were kept separate from those of the standard set. The variation in the number of axons innervating all follicles together is not exactly paralleled by the variation in the size ofthe total barrel field. All "enriched" strains have different ratios (cortical area per peripheral axon) for SEs and elements of the standard set (Fig. 6~) . In all cases, the t test gave p < 0.03.
Representation of S Ws
The supernumerary follicles are represented by barrels located at topologically equivalent sites in the barrel field (Fig. 1) . However, this rule does not hold in all cases. Among the 300 SWs analyzed in this study, 6 are not represented by a barrel. The follicular nerve (38 nerve fibers) shown in Figure 7a innervates the only B' follicle observed. There is no barrel present at the corresponding site in the barrel field. There is, at this cortical site, an enlarged septum. In contrast, we never observed a barrel without a corresponding follicle. ship between axon number and barrel area. In Figure 7d , at the site of the B2 follicle, there are 2 whiskers. Analysis of serial sections containing this exceptional follicle (in a plane above the section illustrated in Fig. 76 ) showed both vibrissae to be well innervated (total number of axons, 184), while in the barrel field no separation of the extraordinarily large B2 barrel was observed. Figure 8a presents a case in which several barrels of the C row are not situated at sites topologically equivalent to those of the corresponding follicles. In the barrel field, the more rostra1 barrels fill in the normally vacant area between the representations of the rhinal vibrissal follicles (Yamakado and Yohro, 1979 ) and the rostra1 elements of the B and C rows. Figure 8b illustrates a case of perfect homeomorphism of the C' elements.
Individual barrels may vary in shape because of the presence of SBs. In Figure 8 , c and d, the triangular shape of a B4 barrel is shown to become rectangular in response to the presence of a B5 barrel, which now exhibits the triangular form.
Cortical thickness
In Figure 9 , the results of measurements of cortical thickness are presented as means of values obtained at 8 defined sites (Fig.  2) for each strain. The thicknesses of layers I, II and III, IV, and V and VI are represented separately. Electron-microscopic analysis
In Table 2 , the results of the counts of myelinated fibers and unmyelinated fibers are given. The data for the nerves innervating the C2 follicle show a remarkable correspondence between the number of myelinated fibers in the electron micrographs and the counts from the light-microscopic material. The number of nerve fibers in 1 of the 3 follicular nerves innervating an SW studied falls outside the range determined in the light microscope. Unmyelinated fibers in the follicular nerves form a minority that shows a high degree of variability, both within 
Discussion
The establishment of strains of mice with different numbers and configurations of supernumerary follicles and barrels permits new approaches to the study of pattern formation and the genes that code for it.
Sensory innervation of the vibrissal follicles and its variation between strains
Our data are derived from a light-microscopic analysis of follicular nerves. The total number of myelinated fibers innervating the standard follicles of the whiskerpads of mice from different strains is, surprisingly, higher for the strains with SWs than for the one without them. To this already high number must be added the fibers destined for the SWs, in order to arrive at the total innervation for a whiskerpad of a given pattern. Two questions come to mind: Is there a correlation between the total innervation of the standard follicles and the number of SWs on the whiskerpad of a mouse belonging to an "enriched" Table 1 for number of hemispheres analyzed for each strain. Vol. 6, No. 11, Nov. 1986 Figure 5. Combination of tables and diagrams representing mean values of 3 parameters in the 6 mouse strains whose names are given above each table. The tables list data in 3 columns for individual elements (follicular nerves and barrels) named in column left of diagram. In the tables, column (I) gives the mean barrel areas in units of 100 pm*; column (2), mean axon numbers; column (3), mean quotients (in lm2) of barrel area over axon number in the corresponding follicular nerve. In the diagrams, bars display graphically the values listed in column (3) of the tables. Horizontal lines at the right extremities of the bars represent SDS (not given when number of follicles analyzed was 5 or less). Vertical, interrupted lines indicate the mean of the mean quotients. Stippled bars represent the values of the standard set; black bars, those for the supernumerary elements A5 and B5; and hatched bars, elements in rows A' and C'. See Table 1 for number of whiskerpads and barrel fields analyzed for each strain.
MCP
(1) Figure 5 . Continued.
strain? Between strains, this appears not to be the case; the standard set of A/A contains most fibers. We also tested this point within 1 strain, M/M, by grouping animals in 2 sets as divergent as possible with respect to number of SWs; no statistically significant difference between the 2 groups could be demonstrated. We conclude that the innervation of the standard follicles is not correlated with the number of SWs, which argues against the influence of a trophic substance secreted by follicle anlagen which would regulate the outgrowth of nerve fibers in a concentration-dependent fashion.
(1983) who concluded that the preferential outgrowth of fibers to the whiskerpad was caused by a trophic factor different from NGF and specific to the peripheral target.
In 3 strains there were extra rows with their own complement of fibers. We wondered whether fibers going to these extra rows were "borrowed" from the neighboring standard rows, or whether a global redistribution had taken place. The latter appears to have been the case: Considering the distribution of fibers over the standard rows only, the relative distribution for all 6 strains is about equal, regardless of the total number of fibers (Fig. 11) . The second question is whether this tendency toward "overinnervation" is restricted to the trigeminal system or to a part of it, or whether it may be the expression of a general phenomenon.
The interstrain differences in innervation of the whiskerpad may be based on variations in (1) production of Gasserian neurons; (2) the naturally occurring death of the Gasserian neurons; (3) collateralization of trigeminal nerve fibers; (4) myelination (unmyelinated fibers could have acquired a myelin sheath and thus have become part of the group of axons that were counted in the light-microscopic analysis; see below); and (5) distribution of these nerve fibers over the 3 main branches of the trigeminal nerve, in favor of the infraorbital nerve.
Turning to the analysis of the innervation of individual follicles, we first note that, within rows, the more caudal, larger follicles are more heavily innervated; the variations in the counts per follicle in a particular strain are remarkably small. This holds for all strains and all rows, including rows containing, or consisting of, SWs.
The gradients of follicle innervation over the whiskerpads (Fig. 12) correlate well with the gradient by which the whiskerpad develops during embryogenesis: The first follicles appear at the "delta corner," the last at the rostra1 ends of rows A and B (AndrCs and Van der Loos et al., 1986; Van Exan and Hardy, 1980; Wrenn and Wessells, 1984) . This correlation, although not counterintuitive, is not easy to explain. The relationship between Gasserian ganglion cells and whis-
The electron-microscopic analysis of 9 follicular nerves showed kerpads was recently studied in vitro by Lumsden and Davies the presence of unmyelinated fibers, also noted by Lee and . Global values of the 3 parameters analyzed for each of the 6 strains listed along the abscissae of the bar graphs. a, Columns showing total number of nerve fibers innervating standard follicles (stippled parts) and supernumerary follicles (hatching). In each column, the 2 vertical lines represent SDS: The downward-directed line concerns the standard set of follicles; the upward-directed line concerns total innervation (standard plus supernumeraries). The numbers within the columns give the number of whiskerpads analyzed per strain. b, Mean areas of the barrel field. Stippled parts of columns represent mean total areas of standard barrels; hatching, the area of the extra barrels. For other conventions, see legend for a. c, Mean quotients-barrel-field area divided by total number of nerve fibers innervating the corresponding part of the whiskerpad-of the 2 components of the pathway. Stippled parts represent standard elements; hatching, supernumerary elements. Numbers inside hatched columns give mean number of extra elements. Lines above columns represent SDS. For other conventions, see legend for a. Woolsey (1975) . They were half as numerous as myelinated axons in NOR, but only between one-fifth and one-seventh as numerous as in A/A. The greater number of myelinated axons in A/A may be due to the myelination of fibers that were unmyelinated in NOR. In the strains investigated, the number of myelinated fibers was well within the range found with the light microscope, except for 1 of the 3 nerves innervating C's in MCP, possibly an exceptional case. Two explanations for the configuration of the oligodendroglialike Schwann cells present themselves. Elfvin (1962) demonstrated that the positions of unmyelinated fibers with respect to Schwann cells vary, owing to differences in osmolarity of the (vertical) and demonstrate the differences in shape of a B4 barrel: in c, it is roughly rectangular, whereas B5 is "triangular" in form, i.e., similar to the B4 in d. The 4 photomicrographs of parts of barrel fields are at the same magnification (bar in a, 100 pm). They are from Nissl-stained sections cut tangentially to the pia. The pictures of the whiskerpads are from sections cut tangentially to the epidermis and stained by a reduced-silver method.
They are at the same magnification (bar in b placed in nostril, 0.5 mm). Figure 9 . Thickness measurements made in the barrel cortex of 36 coronally cut hemispheres of mice from the 6 strains analyzed (names at bottom right corner of each diagram). For each strain, mean values are given for measurements made at 2 points (A4 and L) in each of 4 sections analyzed per hemisphere (see Fig. 2 ). The labels MI, M2, LI, etc., displayed above the horizontal axes, correspond to points M and L in the 4 sections; e.g., A43 corresponds to point M in section 3. The thickness is plotted vertically, 1 bar representing the mean total thickness for a particular measuring point (SD for total cortical thickness is indicated by line at lower end of bar). Subdivisions of bars correspond to mean thickness of layers (key at bottom). SD of the mean value of layer IV is given at the lower end of layer IV. Photomicrographs of the electron-microscopic analysis. a, Greatly reduced picture of montage of 62 electron micrographs through the C2 follicular nerve of a NOR mouse (bar, 10 pm). b, Schwann cell enveloping 7 unmyelinated axons. c, Schwann cell having an unusual "oligodendroglia-like" relationship with 5 of its 6 unmyelinated axons. Bars in b and c, 0.5 pm.
perfusion fluid. However, in our material, most other groups of such fibers were enveloped normally by their Schwann cells. Alternatively, the Schwann cell was just at the point of "releasing its axons," to be captured by new Schwann cells that were ready to myelinate.
Measurements of barrels and barreljields and their variations between strains
The total area of the barrel field varies little within strains, but greatly between them. M/M had the largest total area: 2 1% larger than that of MAP, the strain with the smallest barrel field. Together, the standard barrels of A/A have the largest area: 25% larger than that of MCP, the strain with the smallest such area. The standard area is not a simple function of the number of SBs, whereas the total area of SBs is related almost linearly to their number: A/A has the smallest, and M/M the largest, area. Does a larger-sized barrel field imply colonization of neighboring cortical areas, or does it result in an overall increase of the neocortical surface?
The most caudal barrels in a row were the largest. In all strains and all rows, with very few exceptions, there was a size gradient: the more rostra1 the barrel, the smaller its area. A similar gradient was also observed by T. A. Woolsey and Wann (1976) .
The fact that C' barrels are not always located at sites that correspond with "their" whiskers (compare Fig. 8, a and b) suggests that the pallium prefers to express the representation of a newly acquired sensory organ in an "improper" place than not to represent it at all. The shape of the B5 barrel and the variation in shape of the B4 barrel (compare Fig. 8, c and o!) reflects the fact that, in different strains, barrels are equally closely packed.
The total thickness of the barrel cortex is not constant: For all strains, it increases from posteromedial to anterolateral. Similar to the gradient of follicle innervation, this gradient of thickness corresponds to the sequence in which the whiskerpad develops: The thinnest cortex is at the "delta comer," the part of the barrel field to develop last, as inferred from the fact that the wave of corticogenesis in the parietal region travels from lateral to medial (Smart and McSherry, 1982) and from rostra1 to cauda1 (Smart, 1983) .
Interestingly, layers I and IV, input layers of the barrel cortex, appear to have a constant thickness over the entire barrel field, and variations between strains are small. Larger variations occur in layers II and III and V and VI, which are primarily output layers (for connectivity of the barrel cortex, see Wise, 1975, and White and DeAmicis, 1977) . It is these variations that account for those in the total cortical thickness within the barrel field of a given strain, as well as for the interstrain differences in cortical thickness. The constancy in thickness of layers I and IV argues against the influence of the curvature of the cortex on these measurements. Rose (1929) , in his classic atlas of the mouse cortex, illustrates Lorente de No's (1922) "glomCrulos" (barrels), together with the gradients in (partial) cortical thickness within the same area.
We observe, comparing strains, that the constancy in radial extent of layer IV is in marked contrast to the variation we noted in area1 extent, which seems to point to the existence of different developmental rules for the establishment of radial and The axon counts were made in the montages of electron micrographs of 6 follicular nerves innervating the C2 follicles in 3 different strains and in 3 montages of nerves innervating c' follicles (see Fig. 10 ). Data for myelinated and unmyelinated fibers are presented separately. For a comparison of the data from this analysis with those based on counts in the light-microscopic material, ranges of the latter are added in parentheses. Vol. 6, No. 7 tangential dimensions for a given layer of cortex. Caviness et al. (1976) and Rice et al. (1985) came to similar conclusions concerning radial and tangential organization on the basis of different observations that, incidentally, were also made in the barrel field.
Relationship between areas of cortical barrels and innervation of vibrissal follicles
The mean ratio of the standard set of elements is different for all 6 strains studied. In all cases, the mean ratio for the SEs is higher than that for the standard set of the same strain. Elsewhere, we have speculated that this may be a factor in the evolution of the brain: A focal addition to an assembly of receptors may be treated preferentially by the cortex, particularly in that its representation increases . As one moves rostrally along a row of whiskers, the cortical space per follicular nerve fiber increases: The smaller elements of the standard rows have a greater cortical area per peripheral axon than the larger ones. Taking cortical thickness measurements into account, the difference between caudal and rostra1 elements becomes even more dramatic: In terms of "barrel columns" (a column being a barrel plus the cortical tissue above and below it), the smaller, rostra1 columns appear to have more cortical volume per peripheral nerve fiber than the larger, caudal ones. Physiological experiments (Nussbaumer and Van der Loos, 1985) have demonstrated that the rostra1 barrels receive input not only from the vibrissal follicles but also from the skin between them, while the caudal barrels receive signals only from whiskers. Thus, the rostral barrels may be in need of more volume because of the dual nature of their thalamic input, one input being from the skin, whose sensory innervation did not enter into our analysis.
We have tried to estimate the number of cortical neurons per peripheral axon. Both Van Erp Taalman Rip (1938; for a summary, see Bok and Van Erp Taalman Rip, 1939) and Rockel et al. (1980) determined the number of neurons under 10,000 pm2 of pial surface over the parietal cortex of mice to be about 1500. We calculated the mean area of barrel cortex per axon for the NOR mouse to be 343.9 prn2, which amounts to (343.9/10,000) x 1500 = -50-60 cells/peripheral axon. This, in turn, appears to be compatible with the results of Lee and PERIPHERfiL fiXONS Figure 13 . Results of regression analyses performed for each strain on the number of axons in follicular nerves and the tangential area of the corresponding barrels. Left, For each strain, all data points (each defined by the number of axons in a follicular nerve and the area of the corresponding barrel) were included in the analysis. It was found that, for all strains, the correlation of both parameters was highly significant (p < 0.001). The origin of the graph (0,O) is included within the confidence band of 95% of each line. Therefore, we conclude that a directly proportional relationship exists between the number of peripheral axons and the area of cortical representation. The number above each line indicates a strain, as listed in the insert together with the correlation coefficient. Right, The slope of each line was tested against that of every other line using an analysis of covariance; the result is displayed in graphic form. Where 2 strains are connected, the slopes of their regression lines are not different 0, > 0.05). Woolsey (1975) : After pooling their cell counts from 6 barrels (11,629) and the total fiber counts from the 6 corresponding whiskers (683), one arrives at a count of 17 cells/axon in layer IV. It seems reasonable that one-third of the barrel-field neurons are in layer IV. It would be interesting to compare these values between strains: Would some strains compensate for their small barrel area with an increased cell density?
The relationship between peripheral innervation and central representation can be studied in another way, ignoring the neighborhood relationships of the elements in question. Figure 13 gives the results of a regression analysis incorporating all folliclebarrel pairs, grouped by strain. The regression lines indicate that within each strain there is a directly proportional relationship between the number of peripheral axons and the area1 extent of the corresponding individual barrels. The slopes of the lines express the "cortical magnification factors" for the various strains. Ten of the 15 pairs of strains showed statistically significant differences in slope. Thus, it appears that strains of mice bred for different whisker patterns and separated from one another for about 20 generations "choose" different ways to establish harmony between an important part of their somatosensory periphery and its cortical representation. In their detailed mapping study of the macaque primary visual cortex, Dow et al. (1985) mention interindividual and interhemispheric differences in magnification factor in the fovea1 representation. (Daniel and Whitteridge, 196 1, defined this factor as millimeters of visual cortex measured tangentially to its surface and corresponding to 1" of visual field.)
When biological variations are observed, it is of general interest to determine their limits. The minimal number of nerve fibers per follicular nerve analyzed was 22 (A' in an M/M animal); the maximum, 196 (Cl in an A/A animal). The smallest and largest barrels measured had areas of 0.34 x 100 pm2 (A in an M/M animal) and 6.22 x 100 pm* (a B2 barrel in A/A). For the ratios, the maximum value was 8.3 1 (B5 in MAP) and the minimum, 1.14 (A' in MAP). The largest B2 barrel among the MCP animals corresponded to a bivibrissal follicle (Fig. 7b) . Evidently, the duplication of an element in the periphery was reflected in the cortex, in that the barrel size corresponded to the peripheral innervation. What signal emanating from the whiskerpad would be needed for the cortex to construct 2 barrels within a space that is apparently already allocated?
The smallest C' barrel we found was substantially larger than the C' barrels observed at the beginning of the breeding program, i.e., about 15 generations earlier (see Fig. 3a in Van der Loos and DGrfl, 1978) : Selective breeding leads not only to more SWs but also to an increase in the size of their cortical representation (possibly associated with increased peripheral innervation).
Several statements have been made concerning the establishment of topological equivalency between the stations of the whisker-to-barrel pathway: (1) The pattern is first laid down in the periphery at the level of the incipient whiskerpad Van der Loos, 1979; Van der Loos and DBrfl, 1978) ; (2) the pattern is transmitted to the nuclei of termination in the brain stem by a topologically ordered projection of the trigeminal nerve (Erzurumlu and Killackey, 1983) ; and (3) during postnatal maturation of the pathway, each central station instructs the next higher one, resulting in the deposition of a pattern (Durham and Woolsey, 1984; Killackey, 1980; Van der Loos, 1979; Van der Loos and Dorfl, 1978 ; for a recent review, see Van der Loos and Welker, 1985) . The need to explain the formation of barrel patterns became stronger after it was proven that the pathway was able to express plasticity, i.e., the capability of its stations to adapt themselves in a "creative" manner to changes that had been experimentally inflicted within a critical period (e.g., Jeanmonod et al., 198 1) . These experiments-usually lesions of vibrissal follicles-lead to various changes in the entire pathway. Here, we tested the plasticity of the system by exposing it to peripheries that differed in vibrissal pattern. Our analysis was restricted to parameters that were determined at the first and the last station of the pathway. It is not yet clear where, between skin and barrel field, the cortical variations may be generated. We dare not speculate in general terms about the mechanisms by which the pathway reacts to the various peripheries. However, there is some consistency among all 6 strains. This is discussed in the following paragraphs.
In the establishment of the pattern in the CNS, the topological relationships of the periphery are preserved. In only a few cases did we observe deviations from this rule.
For a follicle to be represented by a barrel, it appears that a threshold number of nerve fibers is needed. The smallest number of axons in the nerve of a follicle with a barrel was 22, while the largest number of axons in the nerve of a follicle without a barrel was 38. The threshold is likely to vary with the position of the follicle on the whiskerpad. However, our material is too limited for any definitive statement.
In the establishment of whisker representation, spatial information about entire rows is transmitted differently from that about the pipelines within a row Killackey and Belford, 1979) . We propose that, before the "maplike" subdivision of the pathway occurs, rough homeomorphic connections between its stations already exist. This is in line with the observations of Killackey (1985) , who issued the "caveat . . . that neither the somatosensory cortex nor any other trigeminal processing station is a tabula rasa. . . ." He based this statement on work showing rough topologic relations between periphery and brain stem, and between thalamus and cortex, before the follicle pattern is expressed and before the ventrobasal complex is parceled, respectively. In the same vein, it has been demonstrated that, in the congenital absence of an eye, a rough homeomorphic relationship exists between the central stations of the visual pathway of the mouse (Godemont et al., 1979; Kaiserman-Abramov et al., 1980; Rhoades et al., 1985) .
The presence of extra whiskers has an effect on the barrel area-peripheral innervation ratio of neighboring elements (Fig.  5) and it seems that a minimal number of peripheral fibers is needed for a whisker follicle to be presented by a cortical unit. These observations may indicate that, during map formation, competition for space occurs. This competition may take place between the fibers of the Gasserian neurons within the nuclei of termination, for we did not find any indications of such competition between the peripheral fibers of these neurons: The total number of fibers innervating the standard follicles was distributed in the 6 strains according to the same "rules" (see Fig. 11 ). The relative size of the central representation is a function of the number of peripheral nerve fibers that innervate the corresponding follicle. The overall barrel-field size, orientation, and location, as well as the shape of the individual barrels, may well be determined by factors residing within the CNS.
We do not claim that our "standard" mice of the NOR strain are standard in the sense of providing a baseline for comparison. They do indeed possess the standard elements present in the other 5 strains, but they are as much the product of inbreeding as are the other strains.
